In this research, two new complexes of N-(2-aminoethyl)-1,3-propanediamine (aepn), [Cd(aepn)2]I2 (1) and [Cd(aepn)2]Cl2 · H2O (2), were prepared and identified by elemental analysis, FT-IR, Raman spectroscopy and single-crystal Xray diffraction. Geometry around the cadmium atom in two complexes by coordination of six nitrogen atoms of two aepn is distorted octahedral. If distortion in the mer-[Cd(aepn)2] 2+ cation is disregarded, it has a C2 axis and C2 symmetry. The cyclic voltammetry experiments were carried out to study the complexation process. Two structural surveys on coordination modes and complexes of aepn are presented. A study was carried out using CSD data to estimate the averages of bond lengths for different types of the Cd−N bonds. It was found that the intermolecular N-H···I, C-H···I hydrogen bonds in 1 and N-H···Cl, N-H···O, C-H···O, O-H···Cl in 2 stabilized the crystal networks.
INTRODUCTION
N-(2-Aminoethyl)-1,3-propanediamine (aepn) is a rather common tridentate amine ligand. It usually forms three coordination bonds with the same central atom 1−2 and only rarely aepn adopts bridging function. 3 Of particular interest from the coordination chemistry perspective of the asymmetrical aepn ligand is that six diastereomers are possible in complexation, 4 facials and meridionals ( Table 1 ). The meridional conformation has a nonsuperimposable mirror image shown in Table 1 . Although the study of geometrical isomerism in octahedral complexes has been a subject of cutting-edge research, the facial and meridional isomerism has been given less attention mainly due to the difficulties in the syntheses of these compounds. 5 In this work preparation of two cadmium complexes [Cd(aepn) 2 ]X 2 (X: I − , Cl − ) of aepn (Scheme 1) were presented. These complexes were characterized by elemental analysis, FT-IR, Raman spectroscopy and X-ray crystallography. Cyclic voltammetry experiments were carried out in order to study the complexation process in DMSO solution.
The coordination geometry of the cadmium atom and the nature of the ligands results in the coordination numbers of the cadmium atom in range of 2−10. 6 In this paper, we endeavor to introduce new coordination aspects of the tridentate aepn with cadmium atom.
A Structural Survey on Complexes of aepn
Each tridentate ligand can be coordinated to metal in facial or meridional forms. In the mer form there are two 90 o angles, one 180 o but three 90 o angles in fac form. Base on this principle, percentage of mer form in complexes of aepn is 91%. 3 ], 5 with both fac and mer forms have been deposited in CSD (updated to Aug 2012). 11 In 1 and 2, two angles of each aepn are deviating from 90 o due to the chelating bite angle, while the third one is about 160 o , to incline to the mer form.
EXPERIMENTAL
All chemicals and solvents were reagent or analytical grade and used as received. A conventional three-electrode system voltammetry was employed, with a PGSTAT101 and glassy carbon working electrode. The carbon, hydrogen, and nitrogen contents were determined in a Thermo Finnigan Flash Elemental Analyzer 1112 EA. The infrared spectra as KBr pellets were recorded in the range of 400-4000 cm −1 using a FT-IR 8400-Shimadzu spectrometer. Raman spectra were obtained using a Nicolet Model 910 Fourier-transform spectrometer. The melting points Mohammad Hakimi, Zahra Mardani, and Keyvan Moeini were determined using a Barnsted Electrothermal 9200 electrically heated apparatus.
Synthesis of [Cd(aepn) 2 ]I 2 , (1)
CdI 2 (1 mmol, 0.37 g) was dissolved in EtOH (15 mL) and added with stirring to a solution of L (2 mmol, 0.23 g) in EtOH (5 mL). After 3 h, a white precipitate was formed, filtered and recrystallized from DMF. Colorless crystals suitable for X-ray diffraction were obtained after several days. Yield: 0.46 g, 76%. m.p. 
Synthesis of [Cd(aepn)
The procedure for synthesis of 2 was similar to 1 except that CdI 2 was replaced by CdCl 2 ·2.5H 
Crystal Structure Determination and Refinement
Suitable crystals of 1 and 2 were placed on Xcalibur Eos Gemini Ultra and Oxford Gemini Ultra diffractometers, respectively, and kept at 150.0 K during data collection. Using OLEX-II, 12 the structures were solved with the SHELXS 13 structure solution program using Direct Methods and refined with the SHELXL 13 refinement package using least squares minimization.
Crystallographic data for the structures reported here have been deposited with CCDC (Deposition No. CCDC-913890 (1) and 913894 (2)). These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving. html or from CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, E-mail: deposit@ccdc.cam.ac.uk. 
RESULTS AND DISCUSSION
A study using CSD data showed that complexes of Cr, 14 Co, 15 Ni, 16 Cu, 17 Zn, 10 Cd 2 and Re 7 with aepn have been reported previously. All coordination modes of aepn are presented in Table 2 . Among these modes, Two-chelate form which was observed in 1 and 2 is most frequent.
Reaction between aepn and ethanolic solution of cadmium(II) iodide and chloride in a molar ratio of 1:2 (M:L) give 1 and 2, respectively. These complexes are air-stable and soluble in DMSO and DMF.
Spectroscopic Characterization
In the IR spectra of 1, 2 and aepn, the bands above 3100 cm −1 were assigned to vibrations of the ν as (NH 2 ), ν s (NH 2 ) and ν (NH). 18 Also the NH 2 bending vibration appears near 1600 cm −1 in these compounds. Presence of the water molecule in 2 affects the IR and Raman spectra in the three regions including 3456 and 3382 cm −1 respectively for asymmetric and symmetric OH stretches, 1597 cm −1 for H 2 O bending and 200-600 cm −1 for "librational modes". These modes are due to rotational oscillations of the water molecules restricted by interactions with neighboring atoms and they are classified into three types (wagging (ρ w ), twisting (ρ t ) and rocking (ρ r )) depending upon the direction of the principal axis of rotation. 19 In the IR and Raman spectra of 2, vibrations such as ν s (
Information about the low-frequency vibrations of metalligand bonds can be obtained by Raman spectroscopy. 20 In the Raman spectrum of 1, a band at 432 cm −1 was assigned to the Cd-N stretching vibrations. In the Raman spectrum of 2, similar band was observed at 557 cm −1 . These assign- 
Cyclic Voltammetry Experiments
The experiments of cyclic voltammetry were investigated in DMSO solution containing 0.10 M TBAP (tetrabutylammonium perchlorate) and 0.01 M reagents using Ag/AgCl as reference electrode at room temperature, in potentials range of +1.5 to -2.9 V with a scan rate of 50 mV s −1 and starting voltage -2.9 V. The cyclic voltammogram of aepn shows an irreversible anodic wave near +0.9 V which can be attributed to the oxidation of the groups present in the aepn (Fig. 1) .
The cyclic voltammogram of Cd 2+ solution displays two reduction waves at the negative potential region, -1.309 V and -1.705 V which are corresponding to Cd(II)/Cd(I) and Cd(I)/Cd(0) process, respectively. 21−23 Addition to these waves, there is one oxidation wave at -0.746 V (Fig. 1 ) which appears with measuring in the opposite directions thus it is not corresponding to Cd(I)/Cd(II) process. Fig. 1 shows the current-potential curves of 0.01 M solutions of Cd 2+ (using the cadmium chloride salt) either with or without increasing concentrations of aepn. The waves corresponding to the Cd(I)/Cd(0) process were deleted for clarity. With increasing concentration of aepn, the cathodic wave is shifted slightly to more negative values, whereas that of the oxidation slightly is disappeared. These observations demonstrate that the electrochemical behavior of Cd 2+ solution is strongly affected by aepn. The potentials shift, indicating the formation of a cadmium complex with aepn. The cathodic wave have no more shift upon the 2.5:1 (L:M) ratio which suggests that the cadmium ion and aepn reach a state of coordination equilibrium. Also one anodic wave near +0.9 V (Fig. 1) corresponding to the oxidation of the free aepn appears after this ratio and increases with accentuating of L:M ratio. These results demonstrate that maximum of eight coordination site of Cd 2+ ion in DMSO solution can be occupied by 2.5 molecules of aepn.
The acid dissociation constants of the three amino groups of aepn and stability constants for this ligand with Co(II), Ni(II), Cu(II), Zn(II) and Cd(II) have been previously reported. 24 As expected, the values of formation constant for 1:2 (M:L) complexes considerably are higher than those of 1:1 (M:L). In 1:1 (M:L) reaction condition which of the species, Table 3 . Crystal data and structure refinement for 1 and 2. 
Description of the Crystal Structures
The diagrams of the molecular structures and unit cells were created using ORTEP-III 25 and Diamond (version 3.2g) 26 softwares. Table 3 contains crystallographic data and details of the data collection and structure refinement.
Selected bond lengths (Å) and angles (°) and dimensions of the hydrogen bonds (Å and °) for complexes are listed in Tables 4 and 5 , respectively.
In the crystal structure of 1 and 2 (Fig. 2) , cadmium atom with coordination number six has a distorted octahedral geometry. Four sites of this geometry are occupied by nitrogen atoms of the NH 2 groups with the Cd-N bond lengths in the range of 2.346(5)-2.361(6) and 2.335(3)-2.389(3) Å for 1 and 2, respectively. The two other sites are occupied by nitrogen atoms of the NH groups with the Cd-N bond lengths in the range of 2.401(6)-2.410(6) and 2.363(3)-2.373(3) Å for 1 and 2, respectively. To estimate the bond lengths averages for different types of the Cd−N bond a study was carried out using CSD data and the results are listed in Table 6 . Based on this study, the Cd-N imine distance is shorter than the other types of the Cd-N bonds while the Cd-NR 3 distance is among the longest. Similar results were also observed in 1 and 2 for distances average.
Two aepn in 1 and 2, which act as tridentate forming two Table 4 . Selected bond lengths (Å) and angles (°) for 1 and 2 (Table 1) which is observed in the crystal structure of 1 and 2. If the distortion in the [Cd(aepn) 2 ] 2+ cation is disregarded, it has a C 2 axis and C 2 symmetry (Scheme 2) and must be optically active but the unit cells of 1 and 2 contain racemic mixture and are non-optically active. The aepn has no chiral center but two new ones (N2, N5) are formed after coordination 27 with different enantiomeric Figure 2 . The ORTEP-III diagrams of the molecular structure of 1 (a) and 2 (b). The ellipsoid is drawn at the 40% probability level. forms.
In the crystal network of 1 (Fig. 3) , there are intermolecular N-H···I and C-H···I hydrogen bonds (Table 5 ). In hydrogen bonding, the iodide atoms act as proton acceptors whereas the carbon and nitrogen atoms participate as proton donors. Also the hydrogen bonds including N-H···Cl, N-H···O, C-H···O and O-H···Cl stabilized the crystal network of 2 ( Fig. 4 ).
CONCLUSION
Two new complexes, [Cd(aepn) 2 ]I 2 and [Cd(aepn) 2 ]Cl 2 ·H 2 O, were synthesized in reaction between cadmium(II) iodide and chloride with aepn, N-(2-aminoethyl)-1,3-propanediamine, respectively. For these complexes spectral (IR, Raman), electrochemical and structural properties were investigated. Cadmium atom in two complexes has a distorted octahedral geometry by coordination of six nitrogen atoms of two aepn. The complexes have meridional conformation and C 2 symmetry and must be optically active but the unit cells of 1 and 2 contain a racemic mixture and are non-optically active. The aepn has no chiral center but two new ones (N2, N5) are formed after coordination with different enantiomeric forms. A survey on complexes of aepn showed that this ligand has three coordination modes including One-chelate, Two-chelate and Helicate forms. Among these modes, the Two-chelate mode which was observed in 1 and 2 is most frequent. A study of CSD data showed that the Cd-N imine and Cd-NR 3 distances respectively are shorter and longer than the other types of Cd-N bonds. Similar results were observed in 1 and 2. The intermolecular N-H···I, C-H···I hydrogen bonds in 1 and N-H···Cl, N-H···O, C-H···O, O-H···Cl in 2 stabilized the crystal network of these complexes.
